ABSTRACT. Immunoreactive rat transforming growth factor-a (TGF-a) was measured in rat milk, in the mucosa and lumen of the small intestine, and in the pancreas of suckling and adult rats with a homologous RIA. In contrast to epidermal growth factor, where the main source of epidermal growth factor for sucklings is rat milk, the presence of TGF-a was not detectable in rat milk. The concentrations of TGF-a in the small intestine eshibited similar values in suckling and adult rats, whereas epiderma1 growth factor levels in the small intestine were several times higher in suckling rats than adults. Overnight fasting in suckling rats resulted in minimal changes in the luminal and mucosal TGF-a content. A positive correlation was established in suckling rats between the TGF-a content in the intestinal lumen (but not mucosa) and the TGF-a content in pancreas. Despite many structural and functional similarities between TGF-a and epidermal growth factor, our present data indicate significant differences in the origin and distribution of these two growth factors in the tract of the small intestine of developing rats. (Pediatr Res 35: 348-353,1994) Abbreviations TGF-a, transforming growth factor-a EGF, epidermal growth factor irTGF-a, immunoreactive rat TGF-a intestine of suckling rats was considerably higher than in the adults. In adults, fasting did not change the EGF intestinal content, whereas in sucklings fasting led to a profound decrease of EGF content (24). Further experiments have shown that EGF content in the small intestine was dependent on the intake of milk-borne E G F (25). This finding was in agreement with our previous data demonstrating the absorption of '251-labeled E G F by the gastrointestinal tract of suckling rats (26-29) and the presence of EGF in rat milk (26, 30).
ABSTRACT. Immunoreactive rat transforming growth factor-a (TGF-a) was measured in rat milk, in the mucosa and lumen of the small intestine, and in the pancreas of suckling and adult rats with a homologous RIA. In contrast to epidermal growth factor, where the main source of epidermal growth factor for sucklings is rat milk, the presence of TGF-a was not detectable in rat milk. The concentrations of TGF-a in the small intestine eshibited similar values in suckling and adult rats, whereas epiderma1 growth factor levels in the small intestine were several times higher in suckling rats than adults. Overnight fasting in suckling rats resulted in minimal changes in the luminal and mucosal TGF-a content. A positive correlation was established in suckling rats between the TGF-a content in the intestinal lumen (but not mucosa) and the TGF-a content in pancreas. Despite many structural and functional similarities between TGF-a and epidermal growth factor, our present data indicate significant differences in the origin and distribution of these two growth factors in the tract of the small intestine of developing rats. (Pediatr Res  35: 348-353,1994) Abbreviations TGF-a, transforming growth factor-a EGF, epidermal growth factor irTGF-a, immunoreactive rat TGF-a intestine of suckling rats was considerably higher than in the adults. In adults, fasting did not change the EGF intestinal content, whereas in sucklings fasting led to a profound decrease of EGF content (24) . Further experiments have shown that EGF content in the small intestine was dependent on the intake of milk-borne E G F (25). This finding was in agreement with our previous data demonstrating the absorption of '251-labeled E G F by the gastrointestinal tract of suckling rats (26-29) and the presence of EGF in rat milk (26, 30). Because TGF-n was reported to be present in human milk (3 1, 32), although in small amounts, we decided to test the hypothesis that the TGF-n content of the small intestine in suckling rats is influenced-as is EGF-by the intake of milk-borne TGF-n. The absence of detectable levels of TGF-n in rat milk and the results of other experiments did not confirm this hypothesis but indicate a very interesting phenomenon, namely, that the two structurally and functionally related growth factors (EGF and TGF-a) in the small intestine of suckling rats are regulated by different factors. A preliminary report of these observations has been published (33) .
MATERIALS A N D M E T I l O D S
~ininlals. Several litters of suckling Sprague-Dawley rats, both male and female (12-d-old), and adult female rats (70-to 80-dold) bred in our colony were used in this experiment. Rats were fed a standard laboratow diet (Lab Blox. Tech-Lab. Indiana~olis. IN), and the number of pups per litte; was adjusted to 10 pe; mother on d 2 after birth. Pups were fasted for one of four time periods of either 2, 4, 8, or 18 h. Control groups of pups were EGF and TGF-a are known to influence various functions of the gastrointestinal tract (1-9). Both TGF-n and EGF bind to the same receptor (10-12), and all known actions of both ligands appear to be mediated by way of binding to this TGF-n/EGF receptor; no discrete TGF-n receptor has been identified (13). The smallest form of rat TGF-n is 50 amino acids long and has about 33% structural homology with rat E G F (14). TGF-n was initially postulated to be a n embryonic growth factor (15, 16). whereas it is now accepted as a n integral physiologic regulator of growth in normal tissue (17, 18). The presence of TGF-n and its receptors were demonstrated in the gastrointestinal tract of adult human subjects and rats (3, 7, 19-23); n o studies have been reported in the early postnatal period.
Previous studies from our laboratory demonstrated the presence of EGF in the mucosa of the small intestine of suckling and adult rats (24, 25). Interestingly, the E G F content in the small taken directly from the mother and killed afthe beginning of the fasting experiment. Fasted pups were kept in plastic cages, which were placed with their bottom half on an electric heating pad to help the pups control their normal body temperature (34) . Adult rats were divided into two groups: those fed and those fasted for 18 h. All adult fasted animals had access to drinking water. At the beginning of the experiment and after fasting, sex and body weights were recorded, and suckling rats were stimulated by massage of the anogenital area for urination and defecation.
At the proper time the pups were killed and the small intestine and pancreas quickly removed. The small intestine was separated from the duodenum and divided into three equally long segments, referred to as the proximal, middle, and distal segments. Luminal content of each segment was flushed with ice-cold double-distilled water (1.5 mL/segment in sucklings and 20 mL/ segment in adults), and mucosa was scraped into a previously weighed tube. All tissues and flushes were frozen in liquid Brinkman, Rexdal, Canada) for 30 s and then spun at 106 000 x g at 4°C for 32 min. The supernatant was lyophilized and resuspended (see below) for RIA and protein determination (35) .
The total volume of material flushed from each segment was thawed and centrifuged as described above, and the supernatant was then lyophilized for RIA and protein determination. Recovery of TGF-a by this extraction procedure was determined to be in excess of 85% for all tissues by the addition of tracer doses of IZSI-rat TGF-a before the initial homogenization.
RIA. Rat TGF-a used for iodination and reference standards was obtained from Bachem Bioscience (Philadelphia, PA). TGFa was iodinated by the modification ofthe chloramine-T method (36) . Briefly, 5 pg of rat TGF-n was diluted in 50 pL of 0.5 M PBS (pH 7.4) and mixed with 10 FL of chloramine-T solution (1 mg/mL of water) and 1 mCi NaU5I (ICN, Irvine, CA). After 45 s, 10 pL of 0.25% mercaptoethanol (vol/vol in water) was added, and the mixture was purified on a Sephadex G-25 column (Sigma Chemical Co., St. Louis, MO) to a specific activity of about 140-1 80 pCi/pg ofgrowth factor (all chemicals from Sigma Chemical Co.).
The irTGF-a in all samples was determined with a homologous RIA. Lyophilized extracts and flushes were resuspended in 0.05 m L of 0.05 M acetic acid and 0.95 m L RIA buffer [O. I M sodium phosphate, pH 7.4, 0.05 M NaCI, 0.1% Triton X-100 (vol/vol), 0.1 % BSA, and 0.01 % NaN, (wtlvol). Rabbit antirat TGF-n serum was obtained from Peninsula Laboratories (Belmont, CA) in initial dilution of 1:15 000. We added 100 pL of either TGFn standards or samples to 12 x 75-mm polystyrene tubes containing 100 pL of RIA buffer and 100 pL of antiserum and vortexed. Tubes were incubated at 4°C for 24 h, and then approximately 15 000 cpm of '251 rat TGF-a (in 100 pL of RIA buffer) were added to each tube and vortexed; incubation continued at 4°C for an additional 24 h. After the second incubation, 50 pL of goat antirabbit IgG serum (Antibodies Inc., Davis, CA) and 50 pL of 10% normal rabbit serum (vol/vol in RIA buffer) were added, and mixtures were incubated for 1 h at room temperature. Polyethylene glycol, 75 pL of lo%, wt/vol in water, (M, 8 000) was added, and the tubes were incubated for an additional 15 min at room temperature. Tubes were centrifuged at 2 500 x g for 30 min, and supernatants were carefully aspirated. The pellets were then counted on a LKB 1442 gamma counter. The TGF-a RIA has a sensitivity within the range of 15 to 400 pg/tube, and all determinations were conducted in duplicate/triplicate, with at least two different concentrations of tissue samples. All duplicate/triplicate RIA values agreed within less than 10%. Competition of irTGF-a within tissue extracts at multiple dilutions demonstrated parallelism with standard rat TGF-a. The specificity of rabbit antirat TGF-n serum (guaranteed by vendor for rat TGF-a and human TGF-a) was tested with rat EGF and mouse EGF. No displacement of rat TGF-a with rate EGF or mouse EGF was observed.
Rat tnilk anulj~is. Rat milk samples were collected manually from lactating rats (d 12 of lactation) as described previously (30). Milk samples from several mothers were pooled, frozen in aliquots, and used for other treatment or RIA analysis.
Whole rat milk was diluted with RIA buffer (l:4 by volume) and spun at 40 000 x g a t 4°C for 30 min, and the whey (without fat drops) was carefully aspirated and spun again (as above). Clear rat milk whey was lyophilized and then resuspended in a small amount of RIA buffer. Whey samples were separated on a Sephadex G-50 column by elution with 0.05 M TRIS buffer [pH 7.4, 0.1 % (wt/vol) BSA]. Collected fractions (2 mL), as well as nonseparated rat milk whey and whole rat milk, were assayed for presence of irTGF-a by RIA.
Rat milk samples were mixed (I: 1 by volume) with flushes from the stomach, duodenum, or small intestine of 12-d-old suckling rats. Control samples of rat milk were mixed with 0.05 M PBS. The mixtures were kept for 1 h in water bath (37°C) and then spun at 40 000 x g a t 4°C for 30 min. Pellets were discarded, and supernatants were then assayed by RIA.
Pooled mucosa samples from the middle segment of the small intestine of 12-d-old pups were homogenized with ice-cold double-distilled water with the Polytron for 30 s, and half of the amount of homogenate was centrifuged at 106 000 x g at 4°C for 30 min. Supernatants or mucosa homogenates were mixed with rat milk (1: 1 by volume) and incubated for 30 min in water bath (37°C) in the presence of 0.05 M PBS (pH 7.4) or 0.1 M glycine-HCI buffer (pH 3.2). Control samples were incubated with proper buffer only. All samples were then frozen, lyophilized, and assayed by RIA. Recovery studies with rat milk were performed by the addition of rat TGF-a standard (in three different concentrations) to whole rat milk sample, by the addition of rat milk (in five different dilutions) to rat TGF-a standard, or by the addition of '251 TGF-a to milk before the separation of whey. Recovery results were 95 %, 95 %, and 85%, respectively.
Statisticalanal~sis. A statistical evaluation was performed with analysis of variance followed by Fisher PLSD (statistical program Statview for Macintosh computers; Abacus Concepts, Inc., Berkeley, CA); a p value of <0.05 was considered statistically significant.
RESULTS
Rat parameters. The average body weight of fed, 12-d-old suckling rats was 27.3 + 2.2 g (mean + SEM, n = 50). After 4 h of fasting the average body weight loss was 0.8 + 0.1 g ( P I = 9), and after 18 h of fasting it was 2.2 + 0.6 g ( n = 12). No sex differences were observed between body weights in sucklings. The average body weight of fed 70-to 80-d-old adult female rats was 250.0 + 45.8 g (n = 12), and body weight loss after 18 h of fasting was 17.3 a 2.6 g ( n = 6). Pancreas wet weights, as well as the small-intestine mucosa wet weights, were not significantly affected in either suckling or adult rats by fasting.
Rat !nil& at~ulj~sis. Rat milk (d 12 of lactation) was analyzed for the presence of irTGF-n by RIA. The sensitivity of the RIA was 0.15 ng of irTGF-n/l m L of rat milk. The irTGF-n was not detected either in the whole rat milk or in the rat milk whey by RIA. Furthermore, several treatments of rat milk, including separation on a Sephadex (3-50 column, "digestion" by stomach or the small-intestine flushes or with small-intestine mucosa, were performed. Despite all these treatments, no traces of irTGFn in rat milk were found. Recovery studies were performed by the addition of three different concentrations of rat TGF-n standards (40, 100, and 250 pglsample) to whole rat milk or to rat milk whey or by the addition of rat milk in several dilutions (75,50,25, 10, and 5% solution in water) to rat TGF-n standards. The recovery of irTGF-a in both parts of this study exceeded 95%. The extraction recovery study was performed with '251 TGF-n. Labeled rat TGF-a was added to diluted rat milk before whey separation, and radioactivity was measured after each step. Final recovery of "' I TGF-a in rat milk whey was about 85%.
The presence of immunoreactive TGF-n in tissues was expressed either as a concentration or as a total content. The concentration was defined as total amount of irTGF-n per gram organ wet weight or per milligram extractable tissue protein. The total content of irTGF-a was defined as total amount of TGF-n per organ or per gram body weight. The irTGF-cu level in the small-intestine lumen was expressed as a total content only because the concentration values exhibited large variability (especially from fasted animals, where concentrations of extractable protein in the lumen flushes were significantly reduced), and there is a possibility of introduction of arithmetic artifacts.
TGF-n in s)nall intestine atldpancrcas. Results from the smallintestine mucosa of fed (control) suckling and adult rats are summarized in Table I . The concentrations of irTGF-n in the small intestine of suckling and adult rats were not significantly different, but the distribution of irTGF-a in three segments has shown a different pattern. In contrast to the adults, where values were similar along the three lengths of the small intestine, sucklings exhibited a significant increase from the proximal to distal 350 DVORAK AND KOLDOVSKY t Values from the small intestinal segments with different superscript letters are significantly different from others in the same column ( p < 0.05).
$ Statistically significant difference between corresponding data from suckling and adult rats ( p < 0.05).
part. In the pancreatic tissues of both sucklings and adults, the concentrations of irTGF-n were extremely varied. Despite this, adult rats exhibited significantly higher concentrations (ranging from 16.5-354.0 ng/g wet weight or 182.6-5216.5 pg/mg protein) in comparison with sucklings (ranging from 6.2-74.8 ng/g wet weight or 127.8-185 1.1 pg/mg protein). Comparison of the total content of irTGF-n in the mucosa of suckling and adult rats, expressed as per gram body weight (Table 2) , showed no significant differences between the two age groups; interestingly, the luminal content expressed per gram body wcight was about 7-fold higher in adults than in the sucklings.
The effect of 18-h fasting on the total content of irTGF-n in the small-intestine mucosa and lumen of sucklings and adults is shown in Table 2 . In adult rats, fasting led to a significant decrease in luminal irTGF-n content, whereas in sucklings no remarkable effect of 18-h fasting was observed. Moreover, significant differences were observed between mucosal and luminal irTGF-a contents in the suckling and adult rats. In sucklings (fed or fasted), only about 9.4% (10.5% and 8.3%, respectively) of the total content of irTGF-n in the small intestine was present in the lumen, whereas in adult rats the luminal content represented about 50.9% (58.1 % for fed and 43.6% for fasted) of the total intestinal irTGF-a content. Fasting for 18 h had no significant effect on the total content or the concentration in the pancreas of either suckling or adult rats, but a large variation in irTGF-n levels was observed.
Suckling rats were fasted for several different time periods (between 2-18 h) to better understand the fate of TGF-n in the small intestine. The total contents of irTGF-a in the mucosa and lumen in the segments of the small intestine of suckling rats are shown in Figure 1 . Although the mucosal irTGF-n level in the proximal segment was not significantly changed during fasting, the middle and distal segments exhibited statistically significant decreases of irTGF-n content during fasting (after 8 and 18 h) in comparison with the fed (control) pups. The amounts in luminal flushes from all three segments exhibited similar levels and were not significantly affected by fasting.
The pancreas of suckling rats exhibited great variability in irTGF-n levels within all fed or fasted groups (Fig. 2) , and no statistically significant differences between fed and fasted groups of animals were found. When individual data from the pancreas of all suckling rats studied were compared with the data from the lumen of the small intestine for each animal, a significant correlation was observed. Both linear and polynomial regression analysis demonstrated a significant relationship between luminal and pancreatic irTGF-n levels. In contrast, the irTGF-n values in the small-intestine mucosa did not show any dependence on irTGF-n levels (Fig. 3) . Correlation coefficients ( r ) from calculations of linear regression for the proximal, middle, distal, and total lumen levels were 0.685, 0.538, 0.650, and 0.643, respectively. In adult rats no correlation was found.
DISCUSSION TGF-n is a member of the EGF family. The structural similarity (about 33%) between TGF-n that is 50 amino acids long and the EGF that is 53 residues long (including all six cysteines), as well as functional resemblance, have suggested that these two factors share a similar origin and fate in the developing small intestine. The epithelium of the small intestine is one of the most dynamic epithelial surfaces in the body, with high proliferation and differentiation rates (37) . The factors that coordinate these fast and well-organized processes are not well defined, but E G F has long been regarded as a likely modulator of gastrointestinal epithelial growth and differentiation ( I , 3, 38-43), and similar physiologic functions are suggested for TGF-n (7-9, 23, 44, 45).
Whereas previous reports from our laboratory dealt with the origin, "survival," and fate of milk-borne EGF in the gastrointestinal tract of suckling rats, the present study has focused on the presence of TGF-n in rat milk and its distribution in the small intestine of suckling rats. This study performed in both adult and 12-d-old suckling rats not only extends the recently published report regarding the content of irTGF-a in various organs during rat development (46) and the localization of TGFn immunoreactivity in the jejunal epithelial compartments of adult rats (45) but also reveals the significant differences between the distribution and the origin of TGF-cu and EGF in the small intestine of suckling rats.
Large amounts of biologically active peptides, including hormones and growth factors, are present in milk from various species (47) (48) (49) , and their active role in the developing gastrointestinal tract has been postulated frequently (20, 41, 50, 51) . Although high levels of EGF have been detected in milk from many mammalian species, only two reports are available regarding the presence of TGF-(U in human milk (31, 32), with no reports found on TGF-(U content in rat milk. To prove the presence or lack of TGF-a in rat milk, whole rat milk in several different dilutions, as well as rat milk whey, were assayed by RIA. TGF-(U was undetectable in whole rat milk and in rat milk whey. A previous study from our laboratory confirmed the existence of three distinct immunoreactive forms of EGF in rat milk, which can be revealed after enzymatic digestion or purifi- cation of rat milk (30). Therefore, several other treatments were performed with rat milk, including gel filtration or incubation with gastrointestinal flushes or tissues. None of these treatments revealed the presence of TGF-(U in rat milk detectable by ho-
